1 H-and 31 P-NMR and UV-absorption studies were carried out with the oligonucleotide strands d(AGCT-TATC-ATC-GATAAGCT) (-ATC-) and d(AGCTTATC-GAT-GATAAGCT) (-GAT-) contained in the strongest and salt resistant cleavage site for topoisomerase II in pBR322 DNA. We found that the two oligonucleotides were stabilized under a hairpin structure characterized by a eight base pair stem and a three base loop at low DNA and salt concentrations. In such experimental conditions, only the -GAT-oligonucleotide displayed a partial homoduplex structure in slow equilibrium with its folded structure. Temperature dependencies of imino protons showed that the partial homoduplex of -GAT-melted at a lower temperature than the hairpin structure. It was suggested that the appearance of the partial homoduplex in -GAT-is related to the formation of two stabilizing (GT) mismatched base pairs in the central loop of this structure. Finally, it was inferred from the dispersion of chemical shifts in the 31 P-NMR spectra that the distortions affecting the backbone of the hairpin loop are larger in the case of -ATCcompared with -GAT-. At the same time NOEs proved that the base stacking was stronger within the loop of the -ATC-hairpin.
INTRODUCTION
During the past decade important studies (1-9) have demonstrated that DNA enjoys a considerable conformational flexibility resulting in non-standard DNA conformations. DNA may adopt non-B structures when sequence and environmental conditions are appropriate (ionic strength, solvent, negative supercoil density and other). For instance, repeating sequences as (GC) or (AC) (i.e. purine-pyrimidine) have the ability of forming left-handed Z-DNA while purine or pyrimidine runs form triplexes and inverted repeats accomodate hairpin and cruciform conformations (1, (10) (11) (12) (13) (14) (15) . They are frequently located near sites playing important roles in cellular processes such as replication, gene expression and regulation (15, 16) and could provide preferential binding sites for proteins and drugs and proteins coupled to drugs.
Important efforts have been undertaken to elucidate how DNA sequences influence the stability and conformational dynamics of such structures (17) (18) (19) (20) . The formation of idiosyncratic DNA structures such as cruciforms is a function of both the nucleic acid base composition and environment, such as superhelical torsion (21, 22) . This superhelical constraint imposed on the DNA could be relieved by the extrusion of two hairpin loops which make up a cruciform (21, 22) . The latter can be recognized by nuclear enzymes such as topoisomerases II which govern the topological state of DNA (23) . These enzymes are inhibited by antitumor agents which act, for instance, in stabilizing the 'transient complex' consisting of the enzyme covalently attached to the 5' ends of a 4 bp staggered DNA break (23) . The complexes occur at specific DNA sites, although the structural factors providing selectivity are not well understood (24, 25) .
Recent studies have demonstrated the need for hairpin (26) and cruciform (27) secondary structures as determinant for topoisomerase II recognition and cleavage sites, in the presence or absence of antitumoral drugs. To identify such structures as possible targets for topoisomerase II we started an analysis of the strongest and salt-resistant cleavage site of this enzyme in pBR322 DNA, namely site 22 (28) , this site having been previously characterized for the thymus topoisomerase II coupled to the antitumoral drug EPC (2,ll-dimethyl-5-ethyl-9-hydroxy-6H-pyrido [4,3-b] carbazolium) (29) .
Here we report a comparative structural analysis by UV-absorption and NMR of the complementary strands d(AGCTTATC-ATC-GATAAGCT) (-ATC-) and d(AGCTTATC-GAT-GATAAGCT) (-GAT-), which constitute the core of the above mentioned topoisomerase II cleavage site (28) . Both strands, owing to their inverted repeats flanking a central trinucleotide can adopt a hairpin structure at low DNA concentrations and ionic force, characterized by a eight Watson-Crick base pair stem around a three base loop. We find that the base composition of the loop influences the conformation and dynamics of the hairpin, and is responsible for the appearance of the partial duplexed structure besides the folded structure. standard phosphoramidite chemistry. The crude DNA was cleaved from the support with NH4OH 33% and then incubated for 16 h at 55°C for deprotection. The resulting oligonucleotide solution was evaporated and the solid material taken up by distilled H 2 O was purified by HPLC on a DEAE column followed by dialysis and then was dry-freezed. Oligonucleotide concentration was estimated by UV absorption using the extinction coefficient 8200 M~ 'cnr' /base at 260 nm.
UV absorption
For the UV absorption melting experiments the oligonucleotide was dissolved at ~3 uM single strand concentration in the same buffer as that used for NMR spectroscopy (see hereafter). Measurements were performed using a Uvikon 941 spectrometer equipped with a Bioblock Ministat and a Huber PD415 temperature programmer through software developed for T m recording. The rate of temperature increase was 0.5°C/min. Spectra were recorded at 260 nm in a temperature range between 0 and 100°C. The temperature of the sample was kept at ± 0.1 °C during spectral measurement using a thermostated cell holder.
NMR sample preparation and experimental conditions
For most of NMR experiments the sample concentration was ~3 mM in single strand DNA in 0.4 ml of a buffer corresponding to 10 mM sodium phosphate, 1 mM EDTA and 20 mM NaCl pH 5.9. These salt and pH conditions were satisfying for the stabilization of the oligonucleotide as a hairpin. For non-exchangeable proton experiments the oligonucleotide was dissolved in the buffer solution and dried by lyophilization to be then lyophilized four times in 99.95% 2 H2O to insure a full H-D exchange. At the end the exchanged oligonucleotide sample was dissolved in 99.95% 2 H2O. For exchangeable proton experiments, the dried oligonucleotide was directly resuspended in H2O/ 2 H2O (9:1) to a final volume of 0.4 ml and the pH of the sample adjusted to 5.9 directly in the 5 mm NMR tube.
NMR spectroscopy
All NMR experiments were performed on a Bruker AMX 500 spectrometer. One dimensional proton NMR spectra in H2O were acquired using 'Jump & Return' (30) or the 11 echo pulse sequence (31) with the carrier placed on the solvent resonance, using a spectral width of 11.1 kHz and the pulse length and delays were optimized for maximum excitation in the imino proton region of the spectrum. Phase sensitive NOESY experiments in the TPPI mode (32) in H 2 O at four different mixing times 50,100, 200 and 400 ms were acquired with 1024 complex data points in t2 and 800 real points in tl.
NOESY spectra in 2 H2O at the same mixing times were recorded sequentially without changing the experimental conditions. These data were acquired with 1024 complex data points in t2 and 800 real points in tl with the spectral width set of 5 kHz.
P.COSY method was applied, involving a standard COSY using TPPI (32) . The reference one dimensional spectrum was acquired with at least a number of data points equal to the sum of numbers of t2 data points and tl increments of the COSY experiments and 16 trims as many scans. It also contained a fixed delay corresponding to dead time. In tl dimensions (3 ms) and 2/3 of duration of the mixing pulse of the COSY delay was also included after the acquisition period in the COSY experiment to equal the acquisition turns of the ID reference experiment.
The 31 P ID spectra were obtained with a sweep width of 1623 Hz, an acquisition time of 0.63s, a block size of 4048 zerofilled to 16K, and a pulse width of 6.6 ^is. For the 202 MHz proton detected 'H-31 P heteronuclear correlated spectroscopy (33), the experiment was recorded using TPPI (32) and with axial peak suppression. A total of 512 FID of 2048 complex points and 160 scans were used at 30°C.
All data were processed on a X32 computer with UXNMR or Felix 2.30 (Biosym technologies Inc., San Diego) software package on a Silicon Graphics Indigo/R4000. For all NOESY data sets, a 60° phase-shifted sine-bell and a 90° squared sine-bell window functions were used for apodization in t2 and tl, respectively. A polynomial base line correction was applied only in the t2 for NOESY experiments in H2O and both in t2 and tl dimensions for experiments in 2 H20.60° and a 30° phase-shifted sinebell functions were applied in t2 and tl, respectively, for the P.COSY experiment. The final processed matrix size being 2048 x 2048 in real points.
RESULTS AND DISCUSSION
The topoisomerase II cleavage site 22 in pBR322 DNA and the plausible structures of the DNA strands -ATC-and -GAT-are given in Figure 1 . Note the inverted repeat sequences and thus the 8 bp palindromes on each side of the central 3 bp element -ATCor -GAT-providing the loop -ATC-or -GAT-in the potential hairpin and partial homoduplex structures. The two cleavage positions for topoisomerase II (four base staggered) are pointed by arrows. It is the upper -ATC-strand that contains the consensual T residue for the cleavage by the enzyme and which could confer specificity to the DNA recognition (29) .
UV melting experiments
The two oligonucleotides were studied at several DNA concentrations, under different pH and salt concentrations. It is generally admitted that at low salt and DNA concentrations total or partially self complementary DNA sequences adopt primarily if not utterly the hairpin structure, while at high salt and DNA concentrations the equilibrium is shifted towards the duplex structure, the precise conditions depending on the oligonucleotide sequence (1). Figure  2 depicts the UV-absorption profile versus temperature for both oligonucleotides at low salt and DNA concentrations. Quite suprisingly, for these experimental conditions, the oligonucleotide -GAT- (Fig. 2a) presented a biphasic profile reflecting a process composed of two sequential transitions. The base unstacking that occurs during hydrogen bond breaking can be observed as a cooperative hyperchromicity increase of 10-15%. The T m (~30°C) of transition 1 exhibited a concentration dependence characterisitic of a bimolecular process, while the T m (-55 °C) corresponding to transition 2 was concentration independent conform to a monomolecular process. The lower T m transition was therefore assigned to the disruption of the partial homoduplex and the higher T m transition to the disruption of the hairpin structure ( Fig. 1) . In contrast, oligonucleotide -ATC- (Fig. 2b ) demonstrated a monophasic and non-concentration dependent profile, with a T m of 58.5 °C. Alike the transition 2 of -GAT-, the transition presented by -ATC-occurred on a broad range of temperature and showed a large hyperchromicity, with a profile similar to that observed for most hairpin-to-coil transitions and thus typical of a monomolecular process (34) . The change of pH in the range of 5.9-8.0 did not produce any noticeable effect on the melting temperature. 14
NMR experiments
Assignment of exchangeable proton resonances. The ID 'H-NMR spectra for the imino proton region of each oligonucleotide are shown in Figure 3 . Experiments were measured at acidic pH 5.9, since at this pH the proton exchange rate was slow, allowing the visualization of the non-hydrogen bonded imino protons. Results are listed in Table 1 . The imino protons that resonate at lowfield are useful markers for monitoring base pairing interactions in nucleic acids. In the spectra recorded at 0°C in Figure 3 we assigned the signals at 12.5-14.2 p.p.m. for -GAT-and 12.7-14.4 p.p.m. for -ATC to hydrogen-bonded imino protons and those at higher field (9-12 p.p.m.) to protons which are not hydrogen-bonded or are engaged in non-standard base pairing (35) . The assignment of peaks arising from imino protons was performed by using mainly the NOESY procedure (36) . Portions of Oligonucleotide -ATC-: while in the UV-experirnents no sign of dimer structure was detected, under the NMR conditions (higher DNA concentrations) this oligonucleotide exhibits an equilibrium of hairpin and dimer structures (Fig. 3a, bottom) . This is reflected by the appearance of a small number of broad resonances (all marked with an asterisk). Thus, as expected, increase of oligonucleotide concentration stabilizes the dimer structure which, however, does not exceed 5% in the case of -ATC-. This prevents its detailed analysis, and in the following we will deal only with the hairpin structure which is the main object of this paper. The stem imino resonances (12.8-14.2 p.p.m.) for this structure were assigned, as shown above, by sequential imino-imino connectivities (Fig. 4a) . These assignments were further confirmed and extended to the imino-amino, -aromatic protons (Fig. 4b) and irnino-methyl protons ( Fig. 4c) . Note that the imino proton resonance of the non-hydrogen bonded T nucleotide of the hairpin loop (Fig. 3a) was found at highfield around 10.9 p.p.m. (Table 1) ; the small peak on the left of the main resonance was assigned to the T imino proton of the minor homoduplex conformation (Fig. 3a) . Oligonucleotide -GAT-: the ID spectra of this oligonucleotide are shown in Fig. 3b . The extra stabilization of the homoduplex form (-40%) for this oligonucleotide at the NMR concentrations is visualized by the shouldering of several resonances and the appearance of new and intense resonances (marked by a d subscript for the partial homoduplex) at lowfield, confirming thus the previous observation realized by UV-absorption on the coexistence of stable dimer and folded species for -GAT-.
The 2D-NOESY spectral analysis performed on -ATC-, holds also for the oligonucleotide -GAT-as presented in Figure 5 . For this latter, the sequential imino-imino connectivities along the Watson-Crick base-paired strands confirmed the presence of a partial homoduplex form with distinguished crosspeaks from those of the hairpin structure for base pairs located near the central loop/bulge (C8-G12, T7-A13 and A6-T14) (Fig. 5a ). Note also in this figure that the NOE crosspeaks are extremely weak for the C8-G12 base pair. The presence of the partial homoduplex was also inferred from the analysis of the amino, aromatic region which revealed the existence of cross peaks specific for this structure (Fig. 5b) . At the end, all the imino protons engaged in base pairs belonging both to the hairpin and the partial homoduplex structure were unambiguously assigned. It was noticed that only those protons belonging to residues near the central loop (G12, T7 and T14) provided distinct signals for the homoduplex and the hairpin, while protons with signals exhibiting shouldering corresponded to residues located in the terminal parts of the oligonucleotide (G2, G17, T4 and T5).
On the basis of these chemical shift differences it was deduced that the duplexed part of the partial homoduplex structure and the stem of the hairpin present relatively similar conformations. Major structural differences concern only the central loop/bulge of these two different species. For example the four signals at higher field between 10 and 12 p.p.m. could arise from either non-hydrogen bonded or non-standard hydrogen bonded imino protons of the loop/bulge residues (35). The two broad peaks at 10.2 and 11.3 p.p.m. (Fig. 3) could correspond to the imino protons of G and T, respectively, in a GT mismatch rather than to non-hydrogen bonded protons (37, 38) . Firstly, they showed a strong concentration dependence relatively to the two sharper peaks at 10.9 and 11.05 p.p.m., allowing their assignment to the duplex form. At the same time the sharper peaks displayed shape and chemical shifts similar to the unpaired T imino proton (I i .05 p.p.m.) in the -ATChairpin. Secondly, magnetization transfer experiments from water indicated that the broader peaks are in slower exchange with water than the sharper peaks, suggesting their involvement in hydrogen bonding. It was thus tempting to definitively assign the G and T imino resonances at 10.2 and 11.3 p.p.m., repectively, to a GT mismatch base pair in the partial homoduplex, and those at 10.9 and 11.05 p.p.m. to unpaired G and T bases in the hairpin (37, 38) . A NOE connectivity between the GN1H and TN3H (39) would probably ascertain the existence of such a mismatch but the low amount of the duplex prevents its detection. At the same time, the substantial line broadening presented by the imino protons presumably engaged in the GT mismatches could underscore the short life time of these imperfect base pairs within loop structures. The chemical shifts for the imino and amino protons in the -GAT-partial homoduplex are given inside the parentheses.
l H NMR analysis of the temperature dependence of the two oligonucleotides. The temperature dependence of imino protons was measured by 'H-NMR in order to assess the local dynamics of individual bases in the two oligonucleotides. Spectra for -ATCand -GAT-are given in Figure 3 . The difference between the number of peaks is indicative of an almost single hairpin structure in the case of -ATC-and a mixture of partial homoduplex and hairpin structure in the case of -GAT-.
Oligonucleotide -ATC-: the broadening of resonance signals due to the increase of temperature was suggestive of a sequential base pair opening starting from the extremity of the stem (Fig. 3a) . At 45 °C there was an almost disappearance of the A1T19, G2C18 andC3G17 imino signals. Above45 C C (not shown) the effect was transmitted to the other residues, in a more cooperative manner, until their total disappearance at ~60°C, thus confirming the melting temperature provided by the UV temperature experiments (58.5 °C).
Oligonucleotide -GAT-: as the temperature was increased the partial homoduplex and the hairpin (the latter at higher temperature) melted from both the inside i.e. central loop towards the terminal ends. For the homoduplex this was proved by the rapid disappearance of the G T mismatch base pair imino signals and the broadening of both the C8 Gl 2 base pair imino signals and the outside residues (terminal ends towards the central loop) (Fig.  3b) . Above 45 °C, the hairpin of -GAT-displayed a behaviour similar to that of -ATC-, especially for the cooperative melting of base pairs.
Assignment of non-exchangeable protons.
The assignment of the non-exchangeable hydrogens for -GAT-and -ATC-was performed using two dimensional NOES Y and P.COS Y experiments (40) . There were no ambiguities in the sequential resonance assignments. Both the relative positions and the intensities of the resonances were consistent with a B-DNA structure in the stems.
A qualitative analysis of the structure was possible from the NOE patterns. An example is given in Figure 6a for the base-Hl' region of -ATC-. Analysis confirmed that the base stacking is actually continued through the stem inside the loop. Breaks in sequential NOE patterns occur at the TlOpCl 1 step in the loop as proved by the absence of connectivities between the T10H27H2" and the C11H6 protons as well as between the T10H1' and the C11H6 protons. Note also the relative downfield shift 0.5 p.p.m. of the C11H5 proton (C11H5/H1' intra NOE) compared to the H5 protons located inside the stem.
The base-H 1' region of the NOE spectrum of -GAT-is presented in Figure 6b . hi contrast to -ATC-the breaks in the NOE connectivities were not restricted to a single base step but were observed throughout the loop and even extended to T7pC8 at the stem-loop junction. Interestingly the G9pA10 step was characterized by a very intense H2"G9-H8A10 internucleotide crosspeak while in contrast the H2'G9-H8A10 crosspeak was extremely weak. The step AlOpTl 1 presented the characteristic that both the base-H 1' and H27H2" crosspeaks were absent. As for the step TllpG12 only very weak base-H27H2" crosspeaks were present and no intemucleotide base-Hl' crosspeak was detected. (2) Figure 6 . Part of the phase sensitive, NOESY spectrum of-ATC-(a) and -GAT-(b) oligonucleotides, dissolved in 2 H2O 90%/' H2010%, exhibiting crosspeaks between aromatic H6/H8 protons and sugar HI' protons. The spectrum was recorded at a temperature of 20°C for a 4 mM sample at pH 5.9 with a mixing time of 300 ms. The NOE sequential walk is indicated. The cross peaks which are not indicated correspond to cytosine H5-H6 and adenine H2-H1' proton pairs. In (b) only the crosspeaks arising from the hairpin species are indicated.
As the temperature was increased the peaks arising from the partial homoduplex tended to disappear. The methyl region provided a good illustration of this event (not shown). While at low temperature, 10 c C, several methyl peaks from the partial homoduplex were detected, >30°C (T m of the partial homoduplex), only the peaks from the hairpin stucture could be readily observed.
Phosphorus NMR. The 31 P-NMR spectra of the two oligonucleotide were recorded under identical conditions. The experiments were undertaken at a temperature (~30°C) at which no duplex structure was present. The chemical shifts of the loop residues, these being the more relevant are listed in Table 2 , together with the average chemical shift values for the same residues in B-DNA (41) and the corresponding chemical shift differences. A larger spectral dispersion occurs for the loop residues compared to those in double strand DNA. However, this avered to be much more pronounced for -ATC-(from -3.75 to -4.8 p.p.m.) than for -GAT-(from -A to -4.4 p.p.m.). Interpretation in conformational terms of such variations based on progresses during recent years have established that, the dispersion of the 3 ' P chemical shifts is strongly related to the sequence of the oligonucleotide and therefore to its structure (41, 42) . Actually, the 31 P chemical shift of individual phosphates reflects torsional angle changes in the desoxyribose phosphate backbone, two of the six torsional angles (e,Q avering to be the most influential in determining 31 P chemical shifts (43, 44) . According to our values the phosphodiester backbone could undergo larger structural distortions in the loop of -ATCcompared to -GAT-. It is noteworthy, that in the two oligonucleotides the largest 31 P chemical shift difference (with respect to the average 31 P chemical shift value of the corresponding step in B-DNA) concerns the XIlpY12 step (CpG in -ATC-and TpG in -GAT-) and its adjacent X12pY13 step (GpA in both cases), suggesting that strong distortions occur in the two hairpins on residues at the stem-loop (3' side) junction.
CONCLUSION
This NMR study shows that the DNA strands -GAT-and -ATCwith inverted repeats have the potential to adopt a cruciform structure in the topoisomerase II strong cleavage site of pBR322 DNA. Both oligonucleotides adopt a hairpin structure at low salt and DNA concentrations, although in these conditions -GATdisplays a slow interconverting equilibrium between its folded conformation and a partial homoduplex structure. It is only at a higher DNA concentration corresponding to the concentration used in our NMR experiments that -ATC-presents also a weak population of partial homoduplex besides its major hairpin structure. According to NOE and 31 P-NMR data the stem adopts a very similar right handed B-DNA conformation within the two hairpin structures while the major part of the homoduplex is found similar to the stem. •The differences in the chemical shifts, 8, were obtained by substracting the value observed for each step in the two oligonucleotides from the value of its counterpart in B-DNA. Note for the two oligonucleotides, the major difference between the chemical shifts of the phosphate group that ends the loop on the 3' side and the one that starts the stem.
The occurrence of stacking interactions within the loop of the -ATC-hairpin, these being proved by specific NOEs arising on the 5' side of the loop can explain why the hairpin structure of this oligonucleotide is more stable than that of the oligonucleotide -GAT-. The latter lacks such stacking interactions between bases throughout the loop, and undergoes weaker distortions in the phosphodiester backbone.
The emergence for -GAT-of a partial homoduplex structure could be explained by stabilizing mismatch base pairings, GT, occurring within the central loop of this particular structure. Actually, GT is among the most stable mismatch base pairs (39, 45) . It could further, through the slight distortions that it imposes to the DNA backbone of the loop, facilitate both the creation of an additional base pairing between the two A residues of the central loop and favourable base stackings, these incrementing the stability of the homoduplex.
A possible reason for which the -ATC-partial homoduplex appears less stable than the -GAT-partial homoduplex would be the inaptitude of the former to create stable mismatch base pairs in its loop. For example, the potentially possible AC base pairing in -ATC-is among the less stable mismatch (45) and its formation would require substantial distortions in the phosphodiester backbone.
A complete study of the differences in secondary structure between -GAT-and -ATC-should be done (in terms of various spectroscopic methods and molecular modeling). The results would allow to assess the mechanisms of DNA recognition by topoisomerase II. This could proceed by a sequential binding of its monomers to the structurally unlike strands of the dissociated DNA duplex, i.e. firstly, to the more structured -ATC-strand that contains also the consensual T residue, and then to the more flexible strand -GAT-.
